Abstract-The differences between Buchholz's formula of apparent power and proposed formulation were demonstrated in the case of three-phase four-wire power system. It was shown that voltage integral from proposed formula of apparent power is the value of power losses in active resistances of power cable, which is due to load line-to-neutral voltages and short circuit mode of load. A new physical sense of apparent power was established, it is a geometric mean value of short-circuit power and power losses, caused by line currents. This definition of apparent power of three-phase power supply system is completely equivalent to definition standardized by IEEE. Conditions to achieve unit power factor and maximum efficiency of three-phase four-wire power system were established. The formula for determining efficiency of three-phase four-wire power system for unbalanced non-sinusoidal mode with a given load power factor and the known load factor has been derived. Computer simulation in MATLAB Simulink showed good agreement between the experimental data and the theoretical curves for efficiency both in the presence of the SAF, or without it.
INTRODUCTION
The concept of Fryze's active current [1] as the vector of line currents with minimum mean-square norm, which provides the same load power at the given line-to-neutral voltages is widely applied to minimize the effective value of line current vector and associated power losses in power cable by using of shunt active filter (SAF) [2] , [3] . The function of SAF is to generate the line current inactive components that non-linear load requires, then active current will be consumed from the source with minimum losses, unit power factor and maximum efficiency. However, in determining of power factor the apparent power appears that is calculated in number of papers [2] , [3] by the Buchholz's formula as product of rms values of line currents and line-to-neutral voltages. The independence of the apparent power in Buchholz's formula from the ratio of cable resistances is doubtful that it is correct for four-wire systems with non-zero neutral current. Besides, only a few studies devoted to the direct calculation of power efficiency for selected modes of threephase four-wire supply system even under simplified resistive models of the power cable have been reported [4] , [5] . Therefore, studies aimed at further development of the power theory in terms of finding ratios for apparent power, the power factor and the effect of load power factor to the efficiency of three-phase four-wire system with SAF are relevant.
II. NEW PHYSICAL SENSE OF APPARENT POWER
The correct definition of apparent power is crucial for the building of energy-efficient means of active filtering as a perfect power delivery mode is characterized by the equality of the apparent power to the active one. The ratio of active to apparent power is called the power factor
where P L is the load active power; S -apparent power; u(t), i(t) -three-coordinate vectors of instantaneous values of line-to-neutral voltages and line currents; τ is the period of the network voltage; T -sign of transposition. In recent works [2] , [3] for apparent power as three-
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wire and four-wire of three-phase power systems a Buchholz's formula is applied as the product of rms norms of the vectors of the phase voltages and line currents:
However, the neutral wire, in which the sum current of the line wires flows, is a significant difference of the four-wire system compared with the three-wire system, since power losses increase in this case. As was shown in paper [4] , [5] the independence of the apparent power in Buchholz's formula from the ratio of the cable resistances r, r N (see Fig. 1 ) is not correct for four-wire systems with non-zero neutral current.
Correctly apparent power of three-phase four-power system is defined as the maximum value of active load power that can be achieved under given voltages u(t) and limited energy losses ΔP in active resistances of power cable during the period of the network voltage [6] . As a result of solving this extreme problem the expression for the optimal linear current vector was obtained [7] :
where T N r r = + R E jj is matrix of resistance losses in the power cable of three-phase four-wire power system that is symmetrical about the main diagonal; r is the resistance of each phase wire, r N is the resistance of the neutral wire;
is optimum attenuation coefficient of zero-sequence component of the instantaneous line-toneutral voltage vector, that minimizes energy losses in the power cable of the four-wire three-phase network with asymmetric non-sinusoidal voltages. In view of (3) a new formula for determining the apparent power of three-phase four-wire power system is given by [7] 
The apparent power of three-phase three-wire system is described by (4) too and corresponds to the Buchholz's formula (2) because in this case r = R E. For four-wire system matrix R affects the integral expressions of (4) in the presence of zero sequence components of voltage and current vectors and apparent power formula can be represented as [7] 
where
of rms values of the vector's orthogonal components which are localized, respectively, in αβ-plane [2] (marked by sub-symbol ⊥ ) and collinear to ort vector / 3 j (zero sequence component, marked by sub-symbol 0). Unlike (2), it is clearly visible in (5) the dependence of the apparent power and, consequently, power factor from the ratio of the resistances, giving by the coefficient σ in the presence of the vector's zero sequence components.
In paper [8] was shown that proposed formulas of apparent power (4), (5) are fully equivalent to standardized one IEEE Std 1459-2010 1 and remove the uncertainty factor in that IEEE standard.
Let's find the value of active power in the circuit in Fig. 2 , formed from the scheme of Fig. 1 ( ) ( ) .
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Thus, the voltage integral from the expression (4) of apparent power is the value of power losses in active resistances of power cable, which is due to load line-toneutral voltages and short circuit mode of three-phase load:
With this in mind the physical meaning of apparent power given by formula (4) formulated as a geometric mean value of voltage source short-circuit power 0 P and power losses , P ∆ caused by line and neutral currents:
III. CONDITIONS TO ACHIEVE UNIT POWER FACTOR AND MAXIMUM EFFICIENCY OF THREE-PHASE FOUR-WIRE POWER SYSTEM
Whereas the definition of apparent power by the expression (5), power factor will be equal to the unit only if the line current vector is proportional to the vector of line-to-neutral voltages with the partial attenuation of zero-sequence component:
where G -any real constant, since in this case in formula (1)
If SAF introduced in power system, the three-phase source current vector that provides unit power factor in asymmetric non-sinusoidal mode, is given by [7] ( ) ( ),
where the value of coefficient G σ is found from the condition of zero energy consumption by SAF on period τ: Fig. 3 . The dependences of the efficiency from the load factor and power factor.
Vector correlation (10) with the meaning of coefficient by formula (11) specifies the value of the Fryze's active current vector in the case of three-phase four-wire network. Formulas (10), (11) identify the original SAF's control strategy [5] :
that ensures minimum losses in power cables and maximum efficiency. In view of (10), (11) this minimum value is 0 2
Under these minimum losses maximum efficiency of three-phase four-wire power system will be min min
IV. THE EFFECT OF POWER FACTOR TO EFFICIENCY OF THREE-PHASE FOUR-WIRE POWER SYSTEM AND ITS VERI-FICATION
As a result of formula's (4) application the expression for efficiency of three-phase four-wire system / ( ), L L P P P η = + ∆ was obtained in [5] as the solution of a quadratic equation
where 0 / L L k P P = specified as load factor; is the shortcircuit active power; ( ) t v is vector of instantaneous values of input line-to-neutral voltages.
Under the condition 2 2 / L k ≥ + λ power efficiency is defined from equation (14) as follows:
Diagrams of the efficiency dependences from the load factor L k at values of а = 0, 1, 2 are shown in Fig. 3 . From its analysis it follows that with decreasing of load power factor the effectiveness of application of SAF increases.
To verify the formula (15) for efficiency the MATLAB Simulink model оf three-phase four-wire power system with SAF and nonlinear load was built (see Fig 4) .
It consists of three symmetric sinusoidal power sources A, B, C, resistances of the phase wires (r A , r B , r C ) and neutral wire (r N ). Non-linear load is presented by three-phase rectifier with rectifier diodes A, B, C and active impedance R L . SAF is simulated by dependent current sources whose values are formed in accordance with the formula (12).
Active power of short-circuit is calculated according to the formula 145200 / 2 2 0 = = r U P W, where U=220 V is the rms value of the phase voltage source, r = 1 Ω is the value of phase wires resistance.
Load power is determined by the formula [8] 
where R L is the value of the load impedance.
Load factor is
The power factor's value of three-phase rectifier with resistive load is calculated using the formula [8] The simulation results for different values of the load and neutral resistance are given in Table 1 .
The theoretical dependences of efficiency from the power factor λ given by formula (15) for two values of load resistance and computer experiment data are shown in Fig. 5 . Data for λ = 1 were obtained by connecting SAF. Generally computer simulation showed good agreement between the experimental data and the theoretical curves for efficiency both in the presence of the SAF, or without it.
CONCLUSION
1) It was shown that voltage integral from the formula (4) of apparent power is the value of power losses in active resistances of power cable, which is due to load line-to-neutral voltages and short circuit mode of load.
2) A new physical sense of apparent power was established, it is a geometric mean value of voltage source short-circuit power and power losses, caused by line and neutral currents. This definition of apparent power of three-phase power supply system is completely equivalent to definition standardized by IEEE. 
